For a successful virus infection, a virus must breach the plasma or endosomal membrane and deposit its genome in the appropriate intracellular compartment. Enveloped viruses, such as HIV and influenza virus, cross the membrane via membrane fusion. However, nonenveloped viruses, such as picornaviruses, must enter the cell by a different mechanism. This mechanism is thought to involve either endosomal lysis or pore formation (33, 41, 44) .
Poliovirus, the prototypic member of the picornavirus family, is one of the major model systems to study nonenveloped cell-entry mechanisms. Both the virus and its cellular receptor, poliovirus receptor (Pvr; also known as CD155), are extensively characterized and structurally defined (2, 4, 17, 21, 27, 28, 48, 49) . Like other picornaviruses, the poliovirus capsid is composed of 60 copies of four capsid proteins (VP1, VP2, VP3, and VP4), arranged with icosahedral symmetry (Fig. 1) . VP1, VP2, and VP3 have a ␤-jellyroll topology and form prominent features known as the "mesa," "canyon," and "propeller" on the outer surface of the capsid (Fig. 1) . VP4 lies in an extended conformation on the inner surface of the capsid shell, as do the amino-terminal segments of VP1, VP2, and VP3. The capsid surrounds an approximately 7,500-nucleotide, single-stranded RNA genome.
During cell entry, the binding of native virus (sedimentation coefficient, 160S) to CD155 initiates conformational rearrangements that lead to formation of the genome-containing cell-entry intermediate (135S) particle (15, 27, 30) . After uncoating (release of RNA into the host cell), the resultant empty capsid shell sediments at 80S.
The conformational rearrangements that form the 135S intermediate involve irreversible externalization of VP4 (which is myristoylated at its amino terminus [10] ) and the amino-terminal extension of VP1 (which is predicted to form an amphipathic helix [18] ) from the capsid interior; externalization of these viral polypeptide sequences appears to facilitate poliovirus cell entry (2, 7, 8, 16, 18, 29, 33, 44) . These exposed sequences interact with-and, in the case of the amino terminus of VP1, tether particles to-artificial membranes (18, 43) . The exposed sequences also insert into cellular membranes during infection (16) . Analyses of VP4 mutants show that VP4 plays a key role in the formation and properties of virus ion channels and in uncoating (16) . For VP1, residues 1 to 53 were predicted to be exposed on the capsid surface, with residues 54 to 71 linking the externalized portion with the inner capsid surface; specifically, according to the model, the amino terminus of VP1 extends through a small opening between adjacent VP1 subunits, bridges the canyon, and emerges at the propeller tip ( Fig. 1) (8) . The amino-terminal 31 residues were proposed to be mobile or disordered but located near the propeller tip, far from the 5-fold axis (8) . Uncoating is accompanied by additional conformational changes in the virus particle that are reflected by the presence of at least three forms of the empty capsid, or 80S particle (6, 34) .
Cryogenic electron microscopy (cryo-EM) of antibody-labeled macromolecular complexes provides a way to map epitopes, (e.g., see references 5, 13, 31, 42, and 45) . Antibodies are mixed with the complex, and the resulting combination is imaged, followed by three-dimensional (3D) reconstruction. Monoclonal or monospecific antibodies are preferred because they provide specificity for the selected epitope, which gives consistency in the 3D reconstruction. The use of antigen-binding fragments (Fabs) is preferred to avoid formation of aggregates (e.g., immunoprecipitation) and to avoid large masses of disordered protein that add noise and interfere with orientation finding (from antibodies binding to only one epitope). After a 3D reconstruction of the Fab-labeled complex is computed, atomic coordinates of the antigen and Fab are fitted into the 3D density. (Usually, coordinates of any Fab are sufficient.) In this way, an epitope can be localized on the surface of the complex. Conformational changes can be inferred if the epitope in question is exposed in one state but not another or if the epitope changes position.
To understand the structural rearrangements associated with the amino-terminal residues of VP1, we determined 3D reconstructions from cryo-EM images of peptide 1 (P1) Fablabeled 135S and 80S particles. Polyclonal antibodies raised against P1 recognize amino acid residues 24 to 40 of VP1 (11) . The epitope monospecificity of these antibodies allows the location of the P1 epitope to be tracked as the virus particle undergoes the conformational rearrangements associated with cell entry and genome uncoating. We found that the P1 epitope is located on the propeller tip of the 135S particle, which is consistent with the previously modeled position of the amino terminus of VP1 (8) . The P1 Fab binds to two sites on the 80S particle (one at the propeller tip, one at the 2-fold axis), and individual particles were found to have Fabs bound to one of the two sites or to both sites.
MATERIALS AND METHODS
Preparation of viruses, 135S particles, 80S particles, P1 Fabs, and virus-Fab complexes. Poliovirus virions (160S particles) were grown in a suspension of HeLa cells, harvested by centrifugation and freeze-thawing, and purified by CsCl density gradient centrifugation as described previously (15, 39) . Altered 135S particles were prepared via heat treatment (8, 15) . Briefly, a solution of 160S particles was diluted 5-fold in prewarmed low-salt buffer (20 mM Tris, 2 mM CaCl 2 , pH 7.5) and was incubated at 50°C for 3 min (the sample was placed in ice water after incubation). Antiserum raised against the VP1 P1 peptide was affinity purified to remove antibodies against keyhole limpet hemocyanin (KLH), the carrier protein to which the peptides were conjugated for the immunizations (11) . P1 Fab was prepared from the affinity-purified antibodies by dialysis in 20 mM phosphate buffer and 10 mM EDTA (pH 7.0) and the ImmunoPure Fab preparation kit (Pierce, Thermo Fisher Scientific, Rockford, IL).
In our experiments, we used heat to induce the change from the native (160S) particle to cell-entry intermediate (135S) and RNA-released (80S) particles. 135S particles produced by heat or obtained from infected HeLa cells (i) infect cells normally nonpermissive for poliovirus infection by 160S particles, (ii) have lost VP4, (iii) are similarly sensitive to proteolysis, and (iv) similarly react with antibodies to the amino terminus of VP1 (15) . 80S particles produced by heat share antigenicity, sedimentation properties, and protease sensitivity with empty particles that accumulate within cells (after genome uncoating during cell entry) and, like those particles, have externalized both VP4 and genomic RNA.
Solutions of 135S particles (0.6 mg/ml) and P1 Fab (0.8 mg/ml) were mixed at room temperature with an antibody-to-virus ratio of 600:1 (mole:mole). Thirtyfour percent of the imaged particles in the 135S sample were 80S particles (cf. reference 15). 135S and 80S particles were readily distinguished by the presence and absence of density corresponding to the viral RNA, respectively. These 80S particles were used to solve the structure of the 80S-P1 complex.
Electron microscopy. Thin films containing poliovirus complexed with P1 Fabs were suspended over holey carbon films, vitrified, and imaged as described previously (50) . A CM200 electron microscope (FEI, Hillsboro, OR) equipped with a Gatan 626 cryogenic transfer holder (Pleasanton, CA) was used to record focal pairs of micrographs at magnifications of ϫ38,000 at 120 kV.
3D reconstruction. Particle images were extracted, processed, and normalized as described previously (2) . Focal settings ranged from 0.81 to 2.24 m underfocus. Focal-pair images were computationally combined for orientation determination but used separately for origin determination and computation of the 3D reconstruction. A previous reconstruction (2) or a model determined via FIG. 1. Structural features of 160S and 135S particles. (Top) Prominent structural features on the exterior of the 160S poliovirus particle (2) . Fivefold (pentagon), 3-fold (triangle), and 2-fold (oval) symmetry axes are labeled. A second 3-fold axis is labeled to show an asymmetric unit, which is the triangle formed with the 5-fold and two 3-fold axes as vertices. (The line connecting 3-fold axes passes through the 2-fold axis.) The asymmetric unit is the unique portion of the structure. The rest of the structure (59 other equivalent portions) is made by symmetry operations. (Bottom) Close-up view of four prominent structural features on the exterior of the 135S poliovirus particle (8) , with one symmetry-related copy of the "propeller tip" and "bridge" labeled. The predicted helices in the canyon are residues 42 to 52 from the amino terminus of VP1 (black wire diagram). The gray net is a cryo-EM reconstruction. For both 160S and 135S particles, the mesa is formed solely by VP1, and the canyon and propeller are formed by VP1, VP2, and VP3. The propeller tip is formed by the EF loop (loop between E and F ␤-strands) of VP2 and flanking polypeptide sequences from VP1 and VP3. Each mesa is centered on a 5-fold symmetry axis, and each propeller is centered on a 3-fold symmetry axis.
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ASYMMETRY OF POLIOVIRUS VP1 AFTER GENOME RELEASE 9975 common lines (19) was used to begin iterative model-based determination of orientations and origins. Origins and orientations of the extracted particles were determined via the model-based technique with the PFT2 program (1), which was adapted to use phase and amplitude information in orientation selection (40) . 3D reconstructions were calculated via the EM3DR2 program (14, 19) .
Icosahedral symmetry was applied during the reconstruction computations and orientation searches. Bsoft routines were employed to assess and correct for contrast transfer function (CTF) effects (25) by use of the algorithm by Conway and Steven (12) , but images within a focal pair were not combined during CTF correction. Spherically averaged density plots were used to calibrate size (3, 25) against previously calibrated structures (2) and a poliovirus X-ray crystal structure (46) . 3D reconstructions were displayed at contour levels designated by the number of standard deviations () above the average map density. Classification of particles. Our initial 80S-P1 reconstruction showed two P1 Fab-binding sites, and we sought to separate particles by binding site. Using the University of California, San Francisco (UCSF), Chimera package (37), we deleted Fabs via the volume-eraser function, leaving structures with Fabs in only one type of site. The modified maps served as the starting models for multiplemodel-based classification, using a method similar to that used by Heymann et al. (26) . Each particle image was compared to a model projection from each state. For a particle to be selected, a minimum correlation coefficient value of 0.30 (for high-and low-pass Fourier filters of 90 Ϫ1 Å Ϫ1 and 21
, respectively) was used, as was a minimum difference (range, 0.005 to 0.010) between the correlation coefficients obtained from each form; i.e., a selected particle had to have a correlation coefficient value of 0.30 or greater, and that value had to be 0.005 to 0.010 higher than the value for the other 80S-P1 state. Fifty percent of the total number of particles was assigned to one of the two forms. By using the multiple-model-based classification method, we also attempted to classify the 80S particles into three groups: one with Fab bound at the propeller tip, one with Fab bound at the 2-fold axis, and one with Fab bound to both binding sites.
The Fab density in the 135S-P1 reconstruction was very low. We attribute this to a combination of low occupancy due to the relatively low affinity of the Fab for the 135S particle and to a reduction of density in the icosahedrally averaged reconstructions due to the flexibility of the epitope in the 135S particle (8) . A 135S map (2) and the original 135S-P1 map were applied to classify the 135S particles in the same manner as that used for the two forms of 80S-P1 (described in the previous paragraph). However, in this case, the classification values were used only to determine which particles from the previous (weak P1 Fab) set would be used to compute the final reconstruction. Orientations and origins determined previously-without classification-were applied.
One-particle reconstruction. To assess Fab binding to individual particles, one-particle reconstructions (e.g., see reference 9) were computed to a limit of 40-Å resolution. (A close-to-focus and far-from-focus image pair was used to compute each one-particle reconstruction.) Icosahedral symmetry was applied during computation of the one-particle reconstructions, as it was in the multipleparticle reconstructions. Central slices of these reconstructions were observed to assess whether Fabs were present and, if so, where the Fabs were bound.
Modeling. C3 Fab coordinates (47) were used to model the virus-P1 interaction. Coordinates were fitted by eye into 135S-P1 and 80S-P1 maps via the UCSF Chimera package (37) .
RESULTS
We used antipeptide antibodies to the amino terminus of VP1 to locate this peptide in two key cell-entry intermediates. Purified virions were heated at 50°C to produce a mixture of 135S and 80S particles, and the particles were mixed with Fab fragments of a monospecific antibody raised against a peptide (P1) corresponding to residues 24 to 40 of VP1 (11) .
Micrographs (i.e., same fields of view) contained complexes of the Fab with both 135S and 80S particles. These two particles were easily distinguished by the lack of internal density corresponding to the viral RNA in the 80S particles. The two forms were separated during particle image extraction ("boxing") and used to compute separate 3D reconstructions. Therefore, the imaging conditions for the 135S-P1 and 80S-P1 complexes are identical and are not responsible for the observed differences between the complexes.
We computed the 3D structures of the 135S-P1 and 80S-P1
complexes by cryo-EM and 3D image reconstruction (Table 1 ; Fig. 2 to 4). Estimates for the resolutions of the two structures based on Fourier shell coefficient analysis (using a 0.5 cutoff) were 12 Å for the 135S-P1 complex and 13 Å for the initial 80S-P1 complex (two other 80S-P1 reconstructions were calculated to 18-Å resolution; see section "Two P1 Fab-binding positions in 80S-P1 complex" below). The density corresponding to the Fab was weak in all reconstructions. However, continual density corresponding to the Fab extends outwards from the capsid with no evidence of a contrast fringe (e.g., the dark region immediately outside the capsid in Fig. 4A ), which occurs at contrast edges in underfocused images at low resolution. For comparison, we note that a reconstruction of the virus-receptor complex, where the receptor is known to be bound at high occupancy, also has continuous density extending from the virus particle into the receptor (Fig. 4D ). We therefore conclude that the Fab fragments are bound and that the weak density can be attributed to low occupancy, flexibility of the peptide epitope, overlapping monospecific Fabs, or a combination of these factors. To make Fab density easier to see, we also computed 3D reconstructions for both complexes at lower resolution (26 Å for the 135S-P1 complex, 21 Å for the initial 80S-P1 complex). Because of conformational dynamics or "breathing", the amino terminus of VP1 (as well as that of VP4) is transiently and reversibly exposed in 160S particles, and this exposure is temperature dependent (35, 38) . P1 Fab binding to 160S virions is, therefore, also temperature dependent-occurring to a significant extent at 37°C but not 25°C (11, 18, 35) . In contrast, P1 antibody readily binds to 135S and 80S particles over a wide temperature range, indicating the exposure and accessibility of this sequence on these particle surfaces (11, 18). a Total number of images; divide by two for the number of image pairs (focal pairs). These images were extracted from seven focal-pair micrographs, where the first image in the pair was taken closer to focus and the second image was taken farther from focus. The pixel size for the reconstructions was 1.83 Å. For the orientation and origin determination, images were corrected only for phaseflipping effects of the CTF. For the final, published reconstruction, images were fully deconvoluted for CTF effects and a signal-decay correction was also applied (see Materials and Methods section).
b Determined by the point at which the Fourier shell correlation value reaches 0.5. For the Fourier shell correlation test, images were corrected only for the phase-flipping effects of the CTF.
c The difference in the number of particles used is attributable to classification of particles that matched best with a model containing an Fab on the propeller tip (2,110) against a model without an Fab bound (see Materials and Methods). The other reconstruction (10,160) was from iterative model-based orientation and origin refinement against all 135S particles in the data set. In the latter, all particles that matched well were included.
d Lower-resolution versions of the 12-Å 135S-P1 and 13-Å 80S-P1 maps were computed so that the bound Fabs could be seen more easily.
One P1 Fab-binding position in 135S-P1 complex. On the 135S particle, P1 Fab binds to a single position within the asymmetric unit ( Fig. 1 and 2A and B) . Fab density connects from the propeller tip outwards. In addition to having low occupancy (ϳ16%; Fig. 4C ), the reduced size of the Fab domains at this contour level ( Fig. 2A and B) suggests that residues 24 to 40 of VP1 are flexible in the 135S particle or that monospecific Fabs bind to slightly different amino acid residues (the section "Fab epitope flexibility and Fab occupancy" in the Discussion explains factors contributing to the small size and low density of the Fabs).
Two P1 Fab-binding positions in 80S-P1 complex. Inspection of the initial 80S-P1 map showed that P1 Fabs bound to two distinct areas on the capsid (Fig. 3A and 4A ). The P1 Fab at the propeller tip in the 80S-P1 structure bound to the same site as in the 135S-P1 complex. A second Fab bound at the 80S-P1 2-fold axis. We used classification methods to determine whether the two states were found on the same particles or if particles were in one state or the other.
We found that 80S-P1 particles with Fabs bound to the propeller tip or 2-fold axis could be separated by the position of the bound Fab (Fig. 3B , C, and D and 4B). Therefore, the population of 80S-P1 particles exists in at least two states, with the P1 epitope located at one of the two binding sites: the propeller tip ( Fig. 3B; 3D , left; and 4B, left) or the 2-fold axis ( Fig. 3C ; 3D, right; and 4B, right). Although we cannot rule out the possibility that some "cross-contamination" in the propeller tip and 2-fold axis data sets exists, the Fab density for each was clearly dominant in one form or the other (Fig. 3B and C) .
In the particles with Fab at the 2-fold axes, the Fab-related density shows a direct connection to the 2-fold symmetry axes of the capsid (Fig. 3D) . The density for the Fab at the 2-fold axes is 2-fold symmetric and is closer to the size of an Fab than is the density at the propeller tips of either the 135S-P1 or the 80S-P1 structures. Note, however, that the density for the constant domain is larger than needed, indicating either that there is flexibility in the epitope being bound, that there are overlapping monospecific antibodies, or that the two copies of the epitope at this site (which could be contributed by either of two 2-fold-axis-related copies of VP1) are oriented slightly differently.
To determine whether P1 epitopes can simultaneously occupy both locations on the same particle, we attempted to use correlation-based classification to separate the 80S-P1 particles into three classes: propeller-tip-bound Fab, 2-fold-axis-bound Fab, and Fab bound to both. However, the number of Fabs bound per particle was relatively low (Fig. 4A and B) , which gave little contribution from bound Fab in the noisy particle images and thus prevented clear discrimination among these three classes. (Note that the reconstruction showing Fabs 3A and 4A] was an average structure of all selected 80S particles prior to classification.) Because the classification experiment failed to give a conclusive answer, we decided to compute one-particle reconstructions. One-particle reconstructions are 3D reconstructions computed from one image of a particle. Although 3D reconstructions require multiple views of an object, one-particle reconstructions are possible for objects with icosahedral symmetry because one view has 59 other symmetry-related views. We computed one-particle reconstructions to only 40-Å resolution because of the high noise level that arises from the limited averaging implicit in one-particle reconstructions. Several reconstructions showed Fabs bound to both the propeller tips and 2-fold axes of 80S particles (Fig. 5C ). Other structures showed Fabs bound to either the propeller tips or 2-fold axes ( Fig. 5A and B) . Thus, these reconstructions demonstrated the existence of 80S particles where P1 epitopes are located at both the propeller tips and 2-fold axes simultaneously.
DISCUSSION
In part because crystallization of picornavirus cell-entry intermediates has been unsuccessful, cryo-EM studies provide unique potential for structurally characterizing the entry process (e.g., see references 2, 4, 6, 8, 21-24, 32, 34, 36, 48, 49) . During viral entry, receptor-mediated conformational changes result in the externalization of the myristoylated protein VP4 and the amino-terminal extension of VP1 (18), both of which become associated with cellular membranes (16, 18, 43) . In subsequent steps, unknown triggers result in the externalization of the viral RNA and its translocation across a membrane to gain access to the cytoplasm for replication (see references 27, 33, and 44).
Because the externalized peptides are thought to play a role in internalization, genome release, and translocation of the genome across membranes (27, 33) , knowledge of the location of the externalized portion of VP1 is key to the refinement of models for the entry process. A previously published study of the 135S particle and a 135S particle in which the first 31 residues of VP1 were removed by proteolysis suggested that the amino terminus of VP1 is located at the propeller tip (8) . Three-dimensional reconstructions of the 80S particle also suggested that the amino terminus of VP1 is located at the tips of the propeller in some but perhaps not all particles (34) (see the section "Amino terminus of VP1 makes conformational changes during uncoating" below). However, in the previous studies, the 135S and 80S reconstructions lacked density for the amino terminus of VP1 (presumably because it is flexibly tethered to the virion). In this study, we took advantage of the availability of antibodies against the amino-terminal extension of VP1 to visualize its location in the 135S and 80S particles. The results here are consistent with those of the previous studies, indicating that P1 epitopes (and, hence, the amino termini of VP1) are located at the propeller tips of 135S and 80S particles. However, our results show that this peptide can also be located at 2-fold axes in the 80S particles. Surprisingly, these results also indicate that copies of the same peptide sequences in some cases can occupy two different positions in the same 80S particle, which represents a significant break from icosahedral symmetry for these particles.
Specificity of P1 antibody. To infer the locations of the P1 peptide on the basis of the sites of Fab binding, the monospecificity of the P1 antisera is essential. In other words, antibodies raised against peptide P1 must recognize only amino acid residues 24 to 40 of VP1 and not bind nonspecifically to other regions of the 80S or 135S particles. In a previous characterization of the P1 antibody used in the present study, anti-P1 sera recognized the P1 peptide (VP1 residues 24 to 40) and capsid protein VP1; other peptides from VP1 and the proteins VP2 and VP3 were not recognized (11) . Recognition by anti-P1 sera was blocked specifically by competition with soluble P1 and not other VP1 peptides (11) . In addition, before its use in the present study, the antiserum was affinity purified with the P1 peptide (see Materials and Methods). Although we do not know whether Fab binding at the propeller tip and 2-fold axes of the 80S particle involves identical amino acids within the P1 peptide, the characterized reactivities of the P1 antisera indicate that the Fabs bind only to P1 peptide sequences. Thus, we strongly favor the interpretation that the Fab-80S complexes reported here represent Fab binding to P1 sequences located in two different sites (the propeller tips and 2-fold axes).
Fab epitope flexibility and Fab occupancy. Density corresponding to the amino terminus of VP1 was not apparent in the earlier 135S (8) and 80S (34) density maps, presumably because the domain has a flexible, i.e., inconsistent, structure. Fig. 3B and therefore is much lower than the density observed at the propeller tip. We attribute this faint density to errors in classification and to artifacts that often appear along symmetry axes in reconstructions.).
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on February 21, 2012 by Albert R. Mann Library http://jvi.asm.org/ maps shown here provide clues suggesting that the aminoterminal domain of VP1 is indeed a flexible domain. Because 3D reconstructions of freestanding particles are averages of multiple particles that are assumed to be similar, lower average density within subvolumes must indicate lower occupancy, flexible domains, or both. If the low-density subvolume has the full shape of a protein domain, then the domain must be rigidly positioned but have lower occupancy (i.e., not all positions in all particles have the domain). If the lowerdensity region is smaller or larger than the full shape of the domain, then the domain must be flexible or have multiple rigid conformations. Overlapping regions will have the highest densities. The higher the occupancy, the larger a flexible domain will appear. Hence, observation of a small low-density portion of the Fab volume at the propeller tip in 135S-P1 ( Fig.  2A) or 80S-P1 (Fig. 3A, B, and D, left) indicates not only low occupancy by the Fab but also that the P1 Fab at the propeller tip is located in multiple positions in the 135S and 80S particles.
If some parts of a structure have higher resolution than other parts, then the lower resolution is another indication of flexibility. We observed this pattern for the 135S-P1 and 80S-P1 maps. Sections show a well-resolved capsid with fuzzy, poorly resolved density outside the capsid where Fab is bound ( Fig. 4A and C, right panels) . "Local" resolution tests (resolution of small subvolumes of the reconstruction) confirmed the observation of higher resolution in the capsid and lower resolution in the Fab regions (data not shown).
Each voxel (pixel volume) in a 3D reconstruction shows the average density (at the given x-y-z position) for the particles used. Therefore, density averages will be more diffuse for flexible components than for rigid components. Furthermore, the higher the resolution of a 3D map, the more unlikely that FIG. 5 . One-or eight-particle reconstructions of 80S-P1 complexes. (A to C) Central slices of one-particle reconstructions of 80S-P1 complex with P1 Fab bound at the propeller tip (A), at the 2-fold axis (B), and at both binding sites (propeller tip and 2-fold axis) (C). Arrowheads, Fab bound at the propeller tip; asterisks, Fab bound at the 2-fold axis. (D) Central slices of eight-particle reconstructions of 80S-P1. The same particle images that were used to make the oneparticle reconstructions in panels A to C were combined to give the structures seen here. From left to right, eight-particle reconstruction of 80S-P1 with P1 Fab bound at the propeller tip, eight-particle reconstruction of 80S-P1 with P1 Fab bound at the 2-fold axis, mixed eightparticle reconstruction (four particles of 80S-P1 with P1 Fab bound at the propeller tip and four particles of 80S-P1 with P1 Fab bound at the 2-fold axis), and eight-particle reconstruction of 80S-P1 with P1 Fab bound at both binding sites. (E) Control structures. Central slices of one-particle reconstructions from a different poliovirus-antibody (C3) complex (top row) (J. Lin et al., unpublished data) and from the poliovirus-Pvr complex (bottom row) (4). The left three panels in each row are one-particle reconstructions, and the rightmost panel is an eight-particle reconstruction. The one-particle reconstructions show bound Fab (top row) or bound receptor (bottom row). The C3 antibody binds very tightly to poliovirus 160S, 135S, and 80S particles (18) , and Fabs were found to bind to the tips of the mesa (Lin et al., unpublished). Pvr binds to one side of the propeller tip and bridges the canyon (4). The monotone gray circular center seen in some slices was added artificially to mask very high positive or negative density values at the center of the 3D reconstruction. Extreme values at the center are common artifacts in one-particle, icosahedral reconstructions.
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LIN ET AL. J. VIROL. flexible regions will be observed. If the 3D reconstruction is computed at lower resolution, flexible regions will be more apparent. This was the case with our 135S-P1 and 80S-P1 maps; Fab density was more easily observed at 26-and 21-Å resolutions, respectively, than at 12-and 13-Å resolutions, respectively ( Fig. 4A and C) . Even at the lower resolutions, Fab density was seen at relatively low contour levels in surface renderings ( Fig. 2A and B and 3A) and faintly in density sections ( Fig. 4A and C) . Because the Fab density is weak, are Fabs actually bound or is the weak density an artifact? Continual density extending outwards from the capsid is additional evidence that Fabs are bound (Fig. 4) . In many places, a dark region is located immediately outside the capsid density (e.g., Fig. 4A ). This region is an effect of defocusing (specifically, underfocusing) that is routinely performed during cryo-EM to enhance contrast. In incompletely corrected two-dimensional images and 3D image reconstructions, defocusing causes a fringe of intensity of opposite contrast at edges. No fringe is found at the Fab-binding sites, indicating the presence of continuous density. A similar connection was observed for receptorbound particles (Fig. 4D) .
Monoclonal versus monospecific antibodies. Although the density characteristics of the structures shown here are consistent with those of a flexible amino-terminal domain (of VP1), the appearance of flexible epitopes could also be explained by the use of monospecific, not monoclonal, antibodies. The population of Fabs binding to the P1 region from the monospecific response could recognize slightly different epitope subsets of the P1 sequence. In this situation, the average structure observed in the reconstructions would then have the appearance of a flexible epitope that had a monoclonal antibody bound.
Our observation of two binding sites in 80S particles suggests that monospecific antibodies-to a short peptide-may be valuable probes for assessing conformational changes. For 3D cryo-EM reconstructions, monoclonal antibodies are usually preferred over monospecific antibodies because monoclonal antibody binding would unambiguously identify the epitope location. However, because antibody binding is also dependent on the epitope conformation, a monoclonal antibody that binds to an epitope in one conformation may not recognize the same amino acid residues in a different conformation. In this situation, one might erroneously conclude that the epitope was not exposed on the particle surface. The polyclonal nature of monospecific antibodies raised against short peptides allows recognition of the peptide epitope in a variety of conformations and increases the probability that the epitope can be tracked as a virus particle transitions through different conformational states. Thus, monospecific antibodies to short peptides may recognize conformational differences better than monoclonal antibodies and still provide enough specificity for structurally consistent 3D density maps. Conversely, because of overlapping binding regions, the appearance of a flexible epitope may always result from the use of monospecific antibodies.
Amino terminus of VP1 is located near the propeller tip in 135S and 80S particles. The 3D reconstructions of 135S-P1 and 80S-P1 ( Fig. 2A and B, 3A and B, and 3D, left) show that P1 Fab binds to the propeller tip in 135S and 80S particles, with P1 Fab bound at the propeller tip alone or at both binding sites. These observations are consistent with existing models of 135S (8) and 80S (34) and with a difference map of 135S minus 135S⌬N31 (8) , which placed the P1 epitope (residues 24 to 40 [11] ) near the propeller tip. For example, residues 42 to 52 of VP1 (modeled as an ␣ helix) are close to the propeller tip (Fig.  1 , bottom, and Fig. 2B and C) , and difference density was observed at the propeller tip (8) .
Nonsynchronous changes in 80S particles. As with many other nonenveloped viruses, poliovirus capsid proteins are organized to form an icosahedrally symmetric shell. An important question in icosahedral virus assembly and disassembly is whether all copies of pertinent protein domains participate synchronously in the conformational changes associated with these processes and whether significant deviations from icosahedral symmetry can exist within an individual particle during conformational transitions. Because cryo-EM structures are averages of many particle images, structural features that are conveyed at lower resolution than the rest of the structure are likely caused by conformational variability among the population of particles. But, for symmetric particles such as poliovirus, these differences might be attributable to variations between particles that, individually, are symmetric. Here, we provide direct evidence that significant deviations from icosahedral symmetry-for portions of capsid proteins-do exist within the same particle. Such deviations may be biologically significant during viral transitions.
The observation of epitopes in two concurrent positions shows that significant portions of the capsid proteins within the icosahedral shell may have deviations from icosahedral symmetry and, hence, do not change conformation synchronously. 80S-P1 particles with both Fab-binding sites ( Fig. 5C and D,  right) show that the amino termini of VP1 are simultaneously located at two different sites (the propeller tips and 2-fold axes) on the same particle. This 80S state may indicate that during uncoating, the corresponding conformational change in the capsid is a gradual process. In other words, for an individual particle, the 60 copies of the amino terminus of VP1 are not required to change their conformations at the same time or in the same way.
As stated, the Fabs used in this experiment were monospecific and not monoclonal. Therefore, although all P1 Fabs bind within residues 24 to 40 of VP1, the Fabs bound at the propeller tips and 2-fold axes may recognize different amino acid residues within the same P1 epitope. However, the straight-line distance between antigen-binding sites on the propeller tip and the 2-fold axis is 52 (Ϯ1) or 62 (Ϯ0.4) Å for the two closest 2-fold axes (measurement is based on placement of Fab coordinates into the Fab density; e.g., Fig. 3D ). Assuming that (i) each residue occupies a linear distance of 3.8 Å along the polypeptide chain, (ii) residues 24 to 40 are not in a straightline conformation, and (iii) each Fab binds several residues within the P1 peptide, P1 Fab binding to the propeller tips and 2-fold axes likely cannot result from two Fabs binding to different ends of the P1 epitope from one VP1 subunit. The seemingly simultaneous binding of P1 Fabs to different sites on the same 80S particle (in the icosahedrally averaged structure) most likely occurs because P1 epitopes from different VP1 subunits lie at a 2-fold axis or at a propeller tip.
We hypothesize that deviations from icosahedral symmetry are more likely to occur in extensions of the polypeptide chains VOL. 85, 2011 ASYMMETRY OF POLIOVIRUS VP1 AFTER GENOME RELEASE 9981
on February 21, 2012 by Albert R. Mann Library http://jvi.asm.org/ (e.g., amino termini, carboxy termini, or large loops) that are not critical to interactions within the core shell structure. For example, the 53-residue amino terminus of VP1 could lie in different conformations on the capsid surface without necessarily disturbing interactions between the ␤-jellyroll cores of VP1, VP2, and VP3, which form the shell. In contrast, if interactions of cores in one portion of the capsid are altered, we hypothesize that these changes would be more likely to propagate rapidly throughout the capsid shell. In our case, the symmetry-averaged cores of the VP1 to VP3 subunits were resolved at 13 Å or better, indicating that the core structures of 80S particles were well-ordered. Amino terminus of VP1 makes conformational changes during uncoating. The transition of VP1 residues 24 to 40 from the propeller tip to the 2-fold axis appears to be a consequence of the uncoating process. Besides having the same binding site as in the 135S-P1 complex, P1 Fabs bind to a second site in 80S-P1, at the 2-fold axis, indicating either that conformational rearrangements occur during uncoating or that an additional variable, characteristic of the multiple-form 80S particle (6, 34) , exists. Because only one P1 Fab at a time can bind to residues 24 to 40 of VP1 (see previous section), our results show that 80S particles contain the epitope in one or both of two locations.
The observation that peptide 1 (P1) changes position and perhaps conformation during the 135S-to-80S transition is consistent with previously published immunoprecipitation experiments that showed a change in the amino terminus of VP1 between these two states. For 80S particles, titers of P1 monospecific and monoclonal antibodies and a monospecific antibody against peptide 0 (P0; residues 7 to 24) differed significantly from the corresponding titers for 135S particles (18) . The transition from the 135S particle to the 80S particle also involves the externalization of the RNA genome of the particle, and, interestingly, the new position for the P1 peptide is very close to the position where RNA was shown to be released from the particle (6), suggesting that the movement of the peptide may play a role in RNA release (often referred to as "uncoating") during infection.
Previous studies have shown at least three distinct forms of heat-derived 80S particles (6, 34) . In these studies, the 80S particles from preparations heated at 56°C for shorter times had increased numbers of particles in the conformation labeled the "early" form (80S.e). Conversely, samples heated for longer times showed increased numbers of the "late" form (80S.l). Because both 80S.e and 80S.l were seen by Levy et al. (34) at all time points, even their 4-min incubation, the 80S particles in this study are also likely in these two states. Our sample was prepared at a lower temperature (50°C) for a relatively short time (3 min). These conditions are typically used to produce 135S particles, but even this mild treatment typically produces a significant number of 80S particles (15) .
We compared the 80S.e and 80S.l maps (34) to our 80S structures but were unable to make satisfactory distinctions; i.e., the correlation coefficients were nearly identical. Nevertheless, Levy et al. (34) showed differences between 80S.e and 80S.l in a density feature that is ascribed to a predicted helix, spanning VP1 residues 41 to 53 in the 135S structure (8) . If this sequence assignment is accurate, it would place the residues corresponding to the P1 epitope at the tip of the propeller, as observed in this study ( Fig. 2 and 3 ) and a previous study (8) . Density for the helix is weaker in the 80S.e reconstruction than helix density in the 80S.l or 135S reconstructions, implying that some fraction of the helices (and perhaps the P1 epitopes as well) have moved in the 80S.e particles. The moved segments may be relocated at the 2-fold axes and, therefore, would be responsible for the Fab binding at the 2-fold axes that we observed. Both 80S.e and 80S.l reconstructions had holes in the shell that suggested that the viral RNA may be released near a 2-fold axis (34) . A third 80S intermediate actually showed RNA leaving the capsid near the 2-fold axis at a site that corresponded to these holes (6). Because our experiment was carried out under conditions different from those used by Levy et al. (34) , we cannot rule out the possibility that our results represent additional conformations of 80S particles not seen in the previous studies (6, 34) .
Canyon-exit model. During cell entry, native poliovirus (160S) binds to its receptor, which stimulates conversion to the 135S cell-entry intermediate particle (18) . During this transition, the membrane-binding entities, VP4 and the amino terminus of VP1, are externalized. Externalization of these proteins requires conformational adjustments in the capsid. On the basis of hypothesized parallels between the uncoating processes of human rhinoviruses and poliovirus, one model proposes that receptor binding induces formation of a channel along the 5-fold axes and that VP4 and the amino terminus of VP1 exit the capsid through this channel (20, 22, 32) . In an alternative (canyon-exit) model, VP4 and the amino terminus of VP1 exit the capsid at the base of the canyon (2, 8) . Our structures of virus-antibody complexes are consistent with the latter model.
The 135S-P1 reconstruction reported here supports the "canyon-exit" model by providing more evidence that at least a portion of the externalized amino terminus of VP1 is located at the propeller tip. The alpha helix proposed for residues 42 to 52 of VP1 is very close to the P1 Fab-binding site at the propeller tip, close to the canyon and the 3-fold axis ( Fig. 1 and  2B) , which is consistent with the P1 epitope (residues 24 to 40) being located nearby and, hence, with the suggestion that the amino terminus of VP1 is at the propeller tip, as modeled by Bubeck et al. (8) for 135S particles. Our results are also consistent with a difference-density map between V8-proteasecleaved 135S and unmodified 135S particles that showed a difference density at the tip of the propeller (8) .
P1 Fab was also bound at the propeller tip in 80S-P1 particles. This is consistent with the model of the 80S structure by Levy et al. (34) . The Fab density bound at the propeller tip was highest near the propeller tip ( Fig. 2A and B and 3A , B, and D, left), indicating that P1 Fab was most constrained where it is bound to the capsid. The density volume of the P1 Fab bound at the propeller tip is smaller than that of the P1 Fab bound at the 2-fold axis ( Fig. 2A and B and 3) , which indicates that the amino terminus of VP1 has more flexibility at the propeller tip than at the 2-fold axis. The increased flexibility at the propeller tip may be necessary for the amino terminus of VP1 to become embedded in the membrane to prepare the virus for uncoating. The more rigid 2-fold-axis position may be required for or be a consequence of RNA release.
